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Abstract: The Harnischia generic complex, a significant assemblage within the tribe Chi-
ronomini, extensive global sampling and the integration of multi-characteristic data for
comprehensive analysis are essential to elucidate the phylogenetic relationships within the
Harnischia generic complex. We sequenced, assembled, and annotated the mitochondrial
genomes of a single species each from the genera Parachironomus Lenz, Robackia Saether and
Saetheria Jackson. Additionally, we incorporated 26 previously published mitogenomes into
our analysis to delve deeper into the characteristics of these mitogenomes. Our findings
indicate the close affinity between (Cryptochironomus + Demicryptochironomus) and (Har-
nischia + Microchironomus), aligning consistently with previous research outcomes showing
that the Harnischia generic complex and Chironomus are phylogenetically close, and their
clade forms a sister group with the Polypedilum generic complex. Based on mitochondrial
genome data, Robackia is identified as the basal taxon being relatively primitive, with
Parachironomus and Saetheria also appearing as primitive within the complex.
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1. Introduction

Chironomidae, a diverse family of freshwater flies, are unparalleled in their ability
to inhabit a wide range of aquatic environments, from low-oxygen waters to the icy
heights of the Himalayas and the abyssal depths of Lake Baikal [1]. Their resilience
in extreme conditions, such as temperatures as low as —16 °C, and their status as one
of the most geographically widespread insects, make them invaluable bioindicators for
ecological health and environmental change [2,3]. These aquatic insects, with an estimated
15,000 species globally, exhibit remarkable species diversity attributed to their antiquity,
limited dispersal, and evolutionary plasticity [1]. They play a pivotal role in aquatic
ecosystems, contributing significantly to detritus processing and trophic dynamics, while
their tolerance to extreme conditions renders them valuable for ecological and water quality
assessments [4]. Additionally, their high population densities and life cycle characteristics
are central to theoretical ecological studies and have practical implications for biological
monitoring and as a food resource for various animals [5,6].

The Chironomidae family is currently classified into 11 subfamilies within the global
taxonomy system [7,8]. Among these, the Chironominae subfamily stands out as one of
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the largest within the Chironomidae family [9,10]. Seether (1977) conducted a phylogenetic
study on the Chironominae based on characteristics of female adults, proposing for the
first time a division into three tribes: Chironomini, Pseudochironomini, and Tanytarsini.
He also suggested that the Chironomini is a monophyletic group, which was a significant
contribution to the understanding of the family’s evolutionary relationships [11].

The Harnischia generic complex, a significant assemblage within the tribe Chironomini,
comprises over 320 species across 20 genera worldwide [12,13]. Due to their broad distri-
bution, high population densities, and significant biological mass, coupled with a high
degree of habitat diversity, the composition and community structure of Harnischia reflect
long-term changes in aquatic environments [14]. Consequently, this group has long been
recognized as a crucial indicator in environmental monitoring and is extensively utilized in
the biological assessment and evaluation of water quality [14]. The concept of the Harnischia
generic group was first introduced in 1969 [15]. In 1945, Townes contributed significantly to
the study of the Harnischia generic complex by distinguishing it into two genera, Harnischia
and Cryptochironomus, through his revision of the male adults of the tribe Chironomini in
North America [16]. Then, Seether’s research significantly contributed to the systematic
revision of the Harnischia generic group on a global scale, establishing nine new generic taxa
and conducting a preliminary exploration of the phylogenetic relationships among these
genera based on morphological characteristics [11,17]. This work supported the hypothesis
that the Harnischia generic group is monophyletic within the Chironomidae family [17].

Phylogenetic research on the Harnischia generic complex has historically been under-
developed, with contentious boundaries and taxonomic statuses of its genera, including the
presence of monotypic genera [14]. This has, to a certain extent, impeded systematic phy-
logenetic studies within the Chironominae subfamily [17]. Previous studies, constrained
by limited morphological traits or short molecular sequences and regionally confined
sampling, have resulted in numerous conflicting hypotheses due to the incompleteness
of samples and characteristics [14]. Therefore, extensive global sampling and the inte-
gration of multi-characteristic data for comprehensive analysis are essential to elucidate
the phylogenetic relationships within the Harnischia generic complex, thereby fostering
advancements in the phylogenetic research of the Chironomidae family [18].

Mitochondrial genomes, abbreviated as mtDNA, represent the DNA molecules resi-
dent within cellular mitochondria [19,20]. Insect mitochondrial genomes, typically exhibit-
ing a double-stranded circular structure ranging in size from 14 to 20 kilobases (kb), are
responsible for encoding a subset of mitochondrial proteins, as well as mitochondrial ribo-
somal RNA (rRNA) and transfer RNA (tRNA) [21-23]. The unique properties of insect mt
DNA, particularly its high variability among different species, provide invaluable genetic
markers for investigating insect classification, phylogenetic relationships, and adaptive
evolution [24,25]. Characterized by maternal inheritance, low recombination rates, and
rapid evolution, these genomes serve as pivotal tools in molecular systematics, popu-
lation genetics, species identification, and evolutionary studies [26,27]. In recent years,
the enhancement of sequencing technologies and the refinement of analytical approaches
have facilitated the extensive application of mitochondrial genomes in the fields of phylo-
genetics and species identification, particularly within the order Diptera and the family
Chironomidae [28-31].

Parachironomus Lenz, 1921, Robackia Saether, 1977, and Saetheria Jackson, 1977 are three
key genera in the Harnischia generic complex, yet their mitochondrial genomes remain
undescribed in the scientific literature, highlighting a significant gap in our understanding
of these taxonomically important groups. The genus Parachironomus Lenz, 1921, is globally
distributed with at least 30 species from the Holarctic region, a distribution complicated
by synonymy issues and tentative species assignments that hinder precise estimations,
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and these larvae exhibit versatile ecological adaptation, being found in both standing and
flowing waters [32,33]. Robackia Saether, 1977, and Saetheria Jackson, 1977, two genera with a
modest number of species within the Harnischia generic complex, are characterized by their
larvae which thrive in the sandy substrates of lakes and streams, significantly contributing
to the aquatic ecosystem as integral members of the benthos community [17,32].

To comprehend the relationships among the three genera Parachironomus Lenz, Robackia
Saether, and Saetheria Jackson within the Harnischia complex, to investigate the position of
the Harnischia complex within the subfamily Chironominae, and to explore the character-
istics of the mitochondrial genomes of species related to the Harnischia complex. In this
study, we sequenced, assembled, and annotated the mitochondrial genomes of a single
species each from the genera Parachironomus Lenz, Robackia Saether and Saetheria Jackson.
Additionally, we incorporated 26 previously published mitogenomes into our analysis to
delve deeper into the characteristics of these mitogenomes. Utilizing Bayesian Inference
(BI) and Maximum Likelihood (ML) methods across various databases, we reconstructed
the phylogenetic relationships among the subfamily Chironominae, drawing insights from
an analysis of 29 mitochondrial genomes. Our findings indicate the sister-group rela-
tionship between Cryptochironomus and Demicryptochironomus. Furthermore, our analysis
also confirms the close affinity between (Cryptochironomus + Demicryptochironomus) and
(Harnischia + Microchironomus), aligning consistently with previous research outcomes the
Harnischia generic complex and Chironomus are phylogenetically close, and their clade forms
a sister group with the Polypedilum generic complex. Based on mitochondrial genome data,
Robackia is identified as the basal taxon, which is relatively primitive, with Parachironomus
and Saetheria also appearing as primitive within the complex.

2. Materials and Methods
2.1. Sampling and Sequencing

Samples of Robackia demeijerei (Kruseman, 1933) and Saetheria tamanipparai (Sasa, 1983)
were collected from Huanghuagou Scenic Area, Wulanchabu City, Inner Mongolia Au-
tonomous Region of China (112°52'91"” E, 41°13'30” N) at 24 July 2018 by Wenbin Liu and
Parachironomus demissum (Yan, Wang and Bu, 2012) from Aibugai River, Darhan Muminggan
United Banner, Baotou City, Inner Mongolia Autonomous Region of China (110°26'30"” E,
41°42'01” N) at 14 August 2023 by Haoran Yan. Species identification is predicated on
a comprehensive dual methodology that integrates both morphological evaluation and
barcode sequence analysis. The morphological characteristics of the two species under
scrutiny conform to the descriptions provided in references [34-37]. Genomic DNA was
meticulously extracted from thoracic and pedal tissues using the Qiagen DNeasy Blood
and Tissue Kit at Tianjin Normal University (TJNU), Tianjin, China, following a rigor-
ously standardized protocol. Before proceeding with DNA extraction and morphological
analysis, the specimens were preserved in a solution of 85% ethanol post-collection and
stored at a temperature of —20 °C to ensure sample integrity. The voucher specimens were
deposited in the College of Life Sciences at TINU, Tianjin, China, for future reference and
analytical studies.

To amplify the 658-bp segment of the mitochondrial cytochrome ¢ oxidase subunit
I (COI) barcode region, which is essential for species identification and subsequent mito-
chondrial genome assembly parameters, we employed the universal primers LCO1490 and
HCO2198 [24,25]. The subsequent genomic sequencing was outsourced to Berry Genomics
in Beijing, China, for next-generation sequencing. Employing the Illumina Truseq Nano
DNA HT Sample Preparation Kit, we prepared sequencing libraries, which were optimized
for subsequent analytical processes. DNA fragments with an insert size of 350 bp were



Diversity 2025, 17, 96

4of 14

sequenced using the Illumina NovaSeq 6000 platform with a paired-end (PE150) strategy,
thereby enhancing the efficiency of data generation.

The initial sequencing reads underwent stringent quality control, with Trimmomatic
being utilized to refine and cleanse the data by removing sequences of poor quality and any
associated artifacts. The high-quality, refined reads were then employed for subsequent
bioinformatics analyses, as detailed in reference [38]. This process marked the initial
phase in deciphering the genetic architecture and evolutionary relationships of the species
under investigation.

2.2. Assembly, Annotation and Composition Analyses

To de novo assemble the mitogenome sequences, we employed NOVOPlasty v3.8.3,
a software developed in Brussels, Belgium, using the COI barcode as the seed sequence.
We systematically tested a variety of k-mer sizes ranging from 23 to 39 bp to refine the as-
sembly process, as detailed in reference [39]. The annotation of the assembled mitogenome
was conducted following the stringent guidelines provided in [24], ensuring the precise
identification of functional elements. The secondary structure of tRNAs was carefully
analyzed using the MITOS WebServer, which offers a comprehensive view of their confor-
mational characteristics. For the annotation of rRNAs and Protein-Coding Genes (PCGs),
we employed a hybrid approach. Initially, we utilized the Clustal Omega algorithm within
Geneious for automated annotation, which was then subjected to manual refinement to
enhance accuracy. Additionally, the Clustal W function within MEGA 11 was applied as a
complementary verification step to refine the boundaries of rRNAs and PCGs, as described
in references [40,41].

To gain insights into the nucleotide composition and biases within the mitogenome, we
utilized SeqKit v0.16.0, a robust tool developed in Chonggqing, China [42]. This analysis not
only revealed the overall nucleotide composition but also the specific composition of indi-
vidual genes. The mitogenome’s visual representation was created using the CGView server,
providing an intuitive and comprehensive overview of the genetic structure. To further
investigate codon usage patterns, we employed MEGA 11 [43], which facilitated the calcu-
lation of nucleotide composition, codon usage, and relative synonymous codon usage. We
also quantified nucleotide composition biases using AT-skew, defined as (A — T)/(A +T),
and GC-skew, calculated as (G — C)/(G + C), offering insights into the evolutionary pres-
sures that may be shaping the mitogenome. Finally, to elucidate the evolutionary dynamics
of the mitogenome, we calculated synonymous (Ks) and non-synonymous substitution
rates (Ka) using DnaSP6 [44]. This analysis provided insights into the selective pressures
acting on the mitogenome, distinguishing between changes that alter amino acid sequences
(non-synonymous) and those that do not (synonymous).

2.3. Phylogenetic Analyses

To delve into the phylogenetic positioning Harnischia generic complex, mitochondrial
genome sequences of 29 registered Chironomidae species were retrieved from GenBank at
NCBLI. This comprehensive dataset encompassed 25 subfamily Chironominae species, two
Cricotopus of subfamily Orthocladiinae and two Tanypus of subfamily Tanypodinae species
were used as an outgroup (Table 1). For the phylogenetic analysis, a curated selection of
29 mitochondrial genomes was meticulously assembled, from which two ribosomal RNAs
(rRNAs) and 13 Protein-Coding Genes (PCGs) were extracted. The alignment of these
sequences was performed with precision using MAFFT, a software developed in Osaka,
Japan, employing the L-INS-I method to eliminate ambiguous regions in both nucleotide
and protein sequence alignments in a batch process. Post-alignment, Trimal v1.4.1, a tool
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from Barcelona, Spain, was utilized to further refine the alignments by trimming, ensuring
the data quality necessary for subsequent phylogenetic analyses.

We generated five distinct data matrices using FASconCAT-G v1.04, a software package
from Santa Cruz, CA, USA, each designed to capture different facets of the genetic informa-
tion: cds Matrix: This matrix includes all three codon positions of the 13 protein-coding
genes (PCGs), providing a complete view of the coding region. cds_rna Matrix: This matrix
broadens its scope to encompass both the 13 PCGs (covering all codon positions) and the
two ribosomal RNAs (rRNAs), merging coding and non-coding components. cds12_rrna
Matrix: This matrix specifically includes only the first and second codon positions of the
PCGs along with the rRNAs, highlighting the most conserved areas within the coding
genes. cds12 Matrix: Focusing on the initial and second codon positions of the 13 PCGs, this
matrix emphasizes the evolutionary significance of these pivotal positions. cds_faa Matrix:
By utilizing the amino acid sequences from the 13 PCGs, this matrix shifts the focus away
from nucleotide-level differences and evaluates relationships at the protein level. To assess
the heterogeneity among these diverse matrices, AliGROOVE v1.06, a software from Bonn,
Germany, was engaged, leveraging insights from previous studies [45,46] as benchmarks.
Following this, two phylogenetic trees were constructed: a Maximum Likelihood (ML) tree
using 1Q-tree v2.0.7 and a Bayesian Inference (BI) tree utilizing Phylobayes-MPI v1.8.

Table 1. Mitogenomes of the 27 species used in this study.

. . GenBank

Subfamily Species Accession Number Reference

Chironominae Parachironomus demissum Pending This study
Robackia demeijerei Pending This study
Saetheria tamanipparai Pending This study
Cladopelma edwardsi PQ014460 [5]
Cladopelma virescens PQ014464 [5]
Cryptochironomus maculus PQ014454 [5]
Cryptochironomus rostratus PQ014455 [5]
Demicryptochironomus minus PQ014456 [5]
Demicryptochironomus spatulatus  PQ014457 [5]
Harnischia angularis PQ014458 [5]
Harnischia turgidula PQ014459 [5]
Chironomus anthracinus ON975026 [47]
Chironomus nipponensis ON975028 [47]
Microchironomus tener ON975027 [47]
Microchironomus tabarui MZ261913 [48]
Stenochironomus okialbus OL753645 [49]
Stenochironomus tobaduodecimus  OL753648 [49]
Endochironomus albipennis 0OP950227 [7]
Endochironomus pekanus 0OPr950219 [7]
Polypedilum yongsanensis 0P950222 [7]
Polypedilum masudai OK513041 [7]
Stictochironomus akizukii 0OP950218 [7]
Stictochironomus juncaii 0P950226 [7]
Microtendipes bimaculatus PP966953 NCBI
Microtendipes tuberosus PP966949 NCBI

Orthocladiinae Cricotopus bicinctus OPr006251 [29]
Cricotopus dentatus OP006255 [29]

Tanypodinae Tanypus chinensis PQO014462 [31]
Tanypus kraatti PQ014453 [31]
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3. Results

The complete mitogenome of Parachironomus demissum was 15,804 bp, Robackia de-
meijerei was 16,218 bp, and Saetheria tamanipparai was 15,899 bp long. The typical double-
stranded circular DNA molecule, characteristic of insect mitochondrial genomes, contains
a total of 37 genes—including 13 protein-coding genes (PCGs), 22 tRNA genes, and two
rRNA genes—as well as one control region, with the gene-coding strand following the
standard arrangement. (Figure 1).

W GC Skew-

/" 1akep

Saetheria tamanipparai

- 12 kb |
DU 1sse9pp kP

Robackia demeijerei
4kbp -

|2 16218 bp

Figure 1. The mitogenome map delineates the distinct mitochondrial genome characteristics of
various representative species across three genera within the Harnischia generic complex. The
map uses arrows to denote gene transcription direction and employs standard abbreviations for
PCGs and rRNAs, along with simplified tRNA notations, for clarity. The second circle displays
GC content, revealing nucleotide composition, while the third circle shows GC-skew, highlighting
structural asymmetry. The innermost circle summarizes mitogenome length, offering a holistic view
of its attributes.

The genomic nucleotide composition of Parachironomus demissum shows a pronounced
AT bias, with an overall AT content of 78.12%. The control region exhibits the highest AT
content at 95.02%. The rRNAs have a higher AT content (84.09%) compared to protein-
coding genes (76.78%). Within the protein-coding genes, ND6 has the highest AT content
at 85.39%, while COX1 has the lowest at 68.68%. The AT content at the first and second
codon positions of protein-coding genes is lower than at the third position, with values
of 71.65% and 68.86%, respectively, compared to 89.84%. The mitochondrial genome
sequence exhibits a slight A skew and a pronounced C skew. Initiation codons in the
13 protein-coding genes of the short whip gnat mitochondrial genome are predominantly
ATN patterns (ATG, ATT, and ATC), with exceptions including COX1 and ND1 (TTG) and
ND5 (GTG). Termination codons are either incomplete (T in ND4) or complete (TAA in all
others). The 22 tRNAs vary in length from 65 to 72 bp. The 16S rRNA is 1404 bp long with
an AT content of 85.18%, and the 125 rRNA is 812 bp long with an AT content of 83.00%.
The control region, at 723 bp, shows a slight T skew (—0.02) and a strong C skew (—0.33)
(Table 2).

The genomic nucleotide composition of Robackia demeijerei was 41.61% A, 39.25%
T, 7.96% C, and 11.18% G. The mitochondrial genome’s base composition reveals a pro-
nounced AT bias, with A + T comprising 80.86% of the total bases; the AT skew is 0.03 and
the GC skew is —0.17, indicating a minor A skew and a significant C skew. The control
region exhibits an exceptionally high AT content of 96.88%, the most abundant across all
genomic regions. The rRNAs have an overall AT content of 86.13%, surpassing that of
protein-coding genes. Among the 13 protein-coding genes, the collective AT content is
79.38%, with ATP8 and ND6 showing relatively high AT contents of 87.50% and 87.08%, re-
spectively, while COX3 has the lowest at 69.58%. The third codon position in protein-coding
genes has a notably high AT content of 93.80%, significantly exceeding that of the first
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(73.59%) and second (70.74%) positions. Initiation codons in most of the 13 protein-coding
genes follow the ATN motif (ATG and ATT), with exceptions being COX1 and ND1, which
use TTG, and ND5, which uses GTG; all genes utilize the complete TAA as the termination
codon. The lengths of the 22 canonical tRNAs vary from 65 to 72 bp, with the 165 rRNA
spanning 1394 bp and an AT content of 86.66%. The 125 rRNA is 854 bp in length, with an
AT content of 85.60%. The control region at 481 bp lacks a significant AT bias (Table 3).

Table 2. Nucleotide composition and skewness of mitogenomes of Parachironomus demissum (PCG:
Protein-Coding Gene, CR: Control Region).

Length Base Composition (%) Skew
Gene Type
(bp) A T C G A+T G+C AT-Skew GC-Skew
Whole genome 16,266 39.61 36.27 14.55 9.57 75.88 2412 0.044 —0.206
PCG 11,216 31.28 4273 1345 1254 74.00 26.00 —0.155 —0.035
PCG 1st codon position 3740 3196 3647 1222 1935 6843 3157 —0.066 0.226
PCG 2nd codon position 3738 20.99 4557 1993 13,51 66.56 33.44 —0.369 —0.192
PCG 3rd codon position 3738 40.87 46.15 8.21 4.77 87.03 1298 —0.061 —0.265
ATP6 678 3245 41.00 15.63 1091 7345 26.54 —0.116 —0.178
ATP8 168 4286 39.88 12.50 4.76 82.74 17.26 0.036 —0.448
COX1 1534 28.68 3787 17.67 1578 66.55 33.45 —0.138 —0.057
COXxX2 688 35.03 3779 1512 12,06 72.82 27.18 —0.038 —0.113
COX3 789 3054 36.88 17.74 1483 6742 3257 —0.094 —0.089
CYTB 1137 3263 37.03 17.77 1258 69.66 30.35 —0.063 —0.171
ND1 948 2458  49.05 9.07 17.30 73.63 26.37 —0.332 0.312
ND?2 1026 3246 4542 12.87 9.26 77.88 2213 —0.166 —0.163
ND3 354 31.07 41.81 16.38 1073 7288 27.11 —0.147 —0.208
ND4 1341 28.34  47.35 8.58 15.73  75.69 24.31 —0.251 0.294
ND4L 294 2755 52.04 6.80 13.61 79.59 2041 —0.308 0.334
ND5 1734 28.43  45.50 9.69 16.38 7393  26.07 —0.231 0.257
ND6 525 3448 4648 12.19 6.86 80.96 19.05 —0.148 —0.280
All rRNA 2202 37.30 4291 6.73 13.07 80.21 19.79 —0.070 0.320
128 807 36.68 42.38 7.43 13.51 79.06 20.94 —0.072 0.290
16S 1395 3792 4344 6.02 12.62 8136 18.64 —0.068 0.354
CR 952 4716  43.59 7.14 2.10 90.75 9.24 0.039 —0.545

In the Saetheria tamanipparai mitochondrial genome, the base composition is charac-
terized by A = 39.91%, T = 39.20%, G = 8.40%, and C = 12.50%, resulting in an A + T
percentage of 79.11%, which demonstrates a significant AT bias. The AT skew is minimal
at 0.01, while the GC skew is more pronounced at —0.20, indicating a subtle A skew and
a marked C skew. The control region reaches an AT content peak of 96.00%. The rRNAs
have a higher overall AT content of 85.70% compared to protein-coding genes. Among the
13 protein-coding genes, the collective AT content is 77.40%, with ND6 showing the highest
at 85.76% and COX3 the lowest at 68.95%. The third codon position in protein-coding genes
has an exceptionally high AT content of 90.18%, significantly exceeding that of the first
(72.54%) and second (69.46%) positions. Initiation codons in the mitochondrial genome’s
protein-coding genes predominantly follow the ATN pattern (ATG, ATT, and ATC), with
exceptions including COX1 and ND1 (TTG) and ND5 (GTG). Termination codons uniformly
employ the canonical TAA. The 22 tRNA genes vary in length from 65 to 72 bp. The 16S
rRNA measures 1410 bp with an AT content of 86.17%, and the 125 rRNA is 785 bp with an
AT content of 85.23%. The control region, at 700 bp, shows a strong T skew (AT skew of
—0.16) and a pronounced C skew (GC skew of —0.36) (Table 4).



Diversity 2025, 17, 96

8 of 14

Table 3. Nucleotide composition and skewness of mitogenomes of Robackia demeijerei (PCG: Protein-
Coding Gene, CR: Control Region).

Length Base Composition (%) Skew
Gene Type
(bp) A T C G A+T G+C AT-Skew GC-Skew
Whole genome 16,218 4161 3925 796 11.18 80.86 19.14 0.03 —0.17
PCG 11,220 3322 4616 990 1072 79.38  20.62 —0.16 —0.04
PCG 1st codon position 3740 3448 3910 1562 1080 73.59 2641 —0.06 0.18
PCG 2nd codon position 3740 21.61 4913 11.69 1757 7074 29.26 —0.39 —0.20
PCG 3rd codon position 3740 4357 5023 240 380 9380 6.20 —0.07 —0.23
ATP6 678 3481 4263 885 1372 7744 2257 —0.10 —0.22
ATPS8 168 4286 4464 417 833 8750 12.50 —0.02 —0.33
COX1 1536 3210 3796 1426 15.69 70.06 29.95 —0.08 —0.05
COX2 684 3611 4050 1038 13.01 76.61 23.39 —0.06 —0.11
COX3 789 3054 39.04 1394 1648 6958 30.42 —0.12 —0.08
CYTB 1137 3281 41.07 1117 1495 73.88 26.12 —0.11 —0.14
ND1 942 2771 49.68 1433 828 7739 2261 —0.28 0.27
ND2 1029 3528 4917 622 933 8445 1555 —0.16 —0.20
ND3 354 3503 4774 791 932 8277 1723 —0.15 —0.08
ND4 1338 3064 50.07 1233 695 8071 19.28 —0.24 0.28
ND4L 294 2517  59.18 9.18 6.46 8435 15.64 —0.40 0.17
ND5 1737 30.63 4945 1146 846  80.08 19.92 —0.24 0.15
ND6 534 3820 48.88 449 8.43  87.08 1292 —0.12 —0.30
All rRNA 2248 4311 43.03 924 464 86.13 13.88 0.00 0.33
125 854 4403 4157 937 504 8560 1441 0.03 0.30
16S 1394 42.18 4448 9.11 4.23 86.66 13.34 —0.03 0.37
CR 481 4823 48.65  1.87 125 96.88  3.12 0.00 0.20

Table 4. Nucleotide composition and skewness of mitogenomes of Saetheria tamanipparai (PCG:

Protein-Coding Gene, CR: Control Region).

Length Base Composition (%) Skew
Gene Type
(bp) A T C G A+T G+C AT-Skew GC-Skew
Whole genome 15,899 3991 3920 840 1250 79.11 20.90 0.01 —0.20
PCG 11,220 31.60 4580 1044 1216 7740 22.60 —0.18 —0.08
PCG 1st codon position 3740 3293 39.61 1636 11.10 7254 2746 —0.09 0.19
PCG 2nd codon position 3740 21.07 4839 1191 1863 6946 30.54 —0.39 —0.22
PCG 3rd codon position 3740 40.80 4938 3.05 6.77 90.18 9.82 —0.10 —0.38
ATP6 678 3127 4469 826 1578 7596 24.04 —0.18 —0.31
ATPS8 168 3690 4702 298 1310 8392 16.08 —0.12 —0.63
COX1 1536 30.60 3841 1471 1628 69.01 30.99 —0.11 —0.05
COX2 684 33.48 3889 1199 1564 7237 27.63 —0.07 —0.13
COX3 789 30.80 38.15 1381 1724 6895 31.05 —0.11 —0.11
CYTB 1137 3210 3958 11.70 16.62 71.68  28.32 —0.10 —0.17
ND1 942 2749 4979 1412 860 7728 22.72 —0.29 0.24
ND2 1029 3353 4937 700 1011 8290 17.11 —0.19 —0.18
ND3 354 3249 4548 847 1356 7797 22.03 —0.17 —0.23
ND4 1338 2848 4925 14.72 7.55 77.73 2227 —-0.27 0.32
ND4L 294 2551 58.84 9.86 578 8435 15.64 —0.40 0.26
ND5 1737 30.69 4755 13.07 8.69 7824 21.76 —0.22 0.20
ND6 534 3745 4831 5.06 918 8576 1424 —0.13 —0.29
All rRNA 2195 4335 4236  9.66 465 8570 1431 0.01 0.35
125 785 4357 4166  9.81 497 8523 14.78 0.02 0.33
16S 1410 4312 43.05 950 433 86.17 13.83 0.00 0.37
CR 700 40.14 5586 129 271  96.00 4.00 —0.16 —0.36
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The w (Ka/Ks ratio) within the Harnischia generic complex, which serves as a gauge
for evolutionary sequence rates influenced by natural selection, was consistently found to
be less than one across the 13 protein-coding genes (PCGs) analyzed in our study, aligning
with patterns observed in other insects. The w values ranged from a low of 0.044 for COX1
to a high of 0.441 for ATPS, indicating a spectrum of purifying selection intensities. Notably,
ND6 showed the most rapid evolution, while COX1 was the slowest (Figure 2a). Genes
experiencing more stringent purifying selection, such as COX2 and COX1, had lower w
values, whereas ATP8, ND6, and ND5 displayed a less stringent selective pressure. These
results highlight the significant impact of natural selection on the evolutionary trajectory
of PCGes.

0.60 0.70 r
M KA W KA

mKS 060 |k kS
KA/KS m = (| - KA/KS

0.50

050 | |

=}
>
S

2 0.40

030

Evolutionary rate
o <
®
o

Evolutionary rate

e
N
S

0.20

0.10 |

bbb, AR

ATP6 ATP8 COX1 COX2 COX3 CYTB ND1 ND2 ND3 ND4 ND4L NDS ND6 ATP6 ATP8 COX1 COX2 COX3 CYTB ND1 ND2 ND3 ND4 ND4L ND5 ND6
Gene a Gene b

Figure 2. Evolution rate of 13 PCGs of the subfamily Chironominae in mitogenomes, (a): Harnischia
generic complex, (b): other genera within Chironominae. Ka and Ks represent non-synonymous and
synonymous nucleotide substitutions, respectively, with their ratio, Ka/Ks, indicating the selection
pressure on protein-coding genes (PCGs). The plot’s x-axis shows 13 PCGs, and the y-axis shows
Ka/Ks values.

The Ka/Ks ratio (w) of other genera in subfamily Chironominae, the Ka/Ks ratio (w),
an indicator of evolutionary sequence rates under the influence of natural selection, was
uniformly below one for all 13 protein-coding genes (PCGs) across the genera we examined,
echoing the patterns seen in various other insect species. The w values spanned from a min-
imum of 0.093 for COX1 to a maximum of 0.517 for ATPS, indicating a gradient of purifying
selection pressures. ATP§ was identified as the gene evolving at the fastest pace, while
COX1 evolved at the slowest rate (Figure 2b). Genes subjected to more intense purifying
selection, such as COX3 and COX1, demonstrated lower w values, in contrast to ATP8, NDé,
and ND4L, which showed signs of a more lenient selective regime. These observations
underscore the pivotal role that natural selection plays in the evolution of PCGs. The
Ka/Ks ratio within the subfamily Chironominae does not exhibit significant variation, with
statistical similarities being nearly consistent. Whether within the Harnischia complex or
other genera of the Chironominae, the lowest ratio is observed in COX1, while the highest
is found in ATPS8. This pattern is relatively common within the family Chironomidae.

The examination of heterogeneity divergence differences offers insights into the mito-
chondrial gene sequence similarities among various species. It is worth noting that due to
codon degeneracy, the cds_faa dataset exhibited the lowest level of heterogeneity, whereas
the cds_rrna dataset demonstrated a notably higher degree of heterogeneity (Figure 3).
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Figure 3. The assessment of the heterogeneity among the mitogenomes of 29 species belonging to the
Chironomidae. This figure highlights the sequence similarities among Protein-Coding Genes (PCGs),
amino acid sequences, and ribosomal RNAs (rRNAs) through a visually striking color-coded block
representation. Utilizing the AliGROOVE scoring system, we assigned colors from —1 (red, denoting
high heterogeneity) to +1 (blue, denoting low heterogeneity). The color scheme is such that lighter
shades represent increased genetic variability, and deeper tones suggest reduced heterogeneity.

4. Discussion

This finding indicates that the mutation rate for the third codon position in protein-
coding genes (PCGs) has exceeded that of the first and second positions. As a result, the
third codon positions were deemed inappropriate for inferring the phylogenetic relation-
ships among the three genera. In our research, we leveraged the strengths of Bayesian
inference (BI) and maximum likelihood (ML) approaches, employing five different datasets
to generate a total of ten phylogenetic trees. Our data revealed that the newly sequenced
and assembled species of Parachironomus demissum, Robackia demeijerei, and Saetheria tama-
nipparai are supported by mitochondrial genome data to belong to Harnischia generic
complex, with Parachironomus and Robackia exhibiting a sister-group relationship (Figure 4).

There is relatively limited and contradictory research on the systematic studies of
Harnischia generic complex. A tree constructed through TNT (Tree analysis utilizing New
Technology), drawing upon 74 female-specific traits, reinforces the sister-group relationship
between Cryptochironomus and Demicryptochironomus, with the reconstructed phylogeny
further situating Harnischia as the sister to the (Cryptochironomus + Demicryptochironomus)
clade, a perspective corroborated by preliminary mitochondrial genome findings for a
selection of these taxa [5,11,18]. Utilizing newly resequenced data in conjunction with
already published mitochondrial genome sequences, we conducted a phylogenetic analysis
focusing on eight genera within the Harnischia generic complex. Our findings once again
uphold the sister-group relationship between Cryptochironomus and Demicryptochirono-
mus. Furthermore, our analysis also confirms the close affinity between (Cryptochirono-
mus + Demicryptochironomus) and (Harnischia + Microchironomus), aligning consistently with
previous research outcomes [5,11].
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Figure 4. Phylogenetic tree of Chironominae, ML tree based on analysis cds_rRNA in Partition.

Both molecular data from fragments and morphological studies support the sister-
group relationship between the Harnischia generic complex and the genus Chironomus
within the Chironomini tribe of Chironomidae [50,51]. Furthermore, the Harnischia generic
complex and Chironomus are phylogenetically close, and their clade forms a sister group
with the Polypedilum generic complex [51]. Our mitochondrial genome results also cor-
roborate this analysis (Figure 4). Within the Harnischia generic complex, morphological
data suggest that Robackia and Saetheria are terminal taxa, relatively evolved, while Parachi-
ronomus is considered a relatively primitive taxon [51]. However, analysis of fragments of
185rRNA, 285rRNA, CAD1, CAD4, and mtCOI indicates that Parachironomus is a terminal
taxon [50]. Based on mitochondrial genome data, Robackia is identified as the basal taxon,
which is relatively primitive, with Parachironomus and Saetheria also appearing as primitive
within the complex. This represents a novel insight into the phylogeny of the Harnischia
generic complex, and further species and data are needed in the future to explore more
natural phylogenetic relationships within this complex.

5. Conclusions

For the first time, the mitochondrial genomes of three species within the Harnischia
generic complex were meticulously annotated, assembled, and documented. These newly
sequenced mitogenomes exhibit structural features and nucleotide compositions that closely
align with those of previously reported Chironomidae species, marking a significant expan-
sion of the Chironomid mitogenome repository. This advancement lays a solid groundwork
for future phylogenetic inquiries.

Despite the distinct morphological traits observed among the developmental stages—
larvae, pupae, and adult males and females—of different Chironomidae subfamilies, there



Diversity 2025, 17, 96 12 of 14

is a noted discordance between phylogenetic outcomes based on morphology, short gene
sequences, and mitochondrial genome data. However, an emerging consensus from molec-
ular phylogenetics highlights the enduring relevance of morphological analysis in the study
of Chironomids. Moreover, while the comprehensive analysis of mitochondrial genomes
presents exciting prospects, it necessitates rigorous examination and thoughtful consid-
eration. A holistic systematic analysis that encompasses morphological, biogeographical,
and life history traits across various developmental stages of insects, complemented by
genomic data, is essential. Such an integrative approach is likely to shed light on the
intrinsic evolutionary connections within the natural world.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d17020096/s1, Figure S1 depicts the putative secondary struc-
tures of the 22 tRNA genes identified within the mitogenome of Parachironomus demissum. Figure S2
illustrates the same for Robackia demeijerei, while Figure S3 shows the structures for Saetheria tamanippa-
rai. Figure 54 presents an ML phylogenetic tree of the subfamily Chironominae based on the cds_faa
analysis using the Partition model in IQTREE, with support values indicated by SHaLRT /UFBoot2.
Similarly, Figure S5 displays the tree based on the cds analysis, Figure S6 on cds_rrna, and Figure S7
on cds12, all using the same method and support indicators. Figures S8 to S12 present BI phyloge-
nomic trees for the subfamily Chironominae, using the CAT + GTR model in phylobayes. Figure S8
focuses on the cds_faa analysis, Figure S9 on cds, Figure S10 on cds_rrna, Figure S11 on cds12, and
Figure 512 on a combined cds12_rrna analysis.
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